Abstract Aminoacyl-tRNA synthetases (AARSs) are ligases (EC.6.1.1.-) that catalyze the acylation of amino acids to their cognate tRNAs in the process of translating genetic information from mRNA to protein. Their amino acid and tRNA specificity are crucial for correctly translating the genetic code. Glycine is the smallest amino acid and the glycyl-tRNA synthetase (GlyRS) belongs to Class II AARSs. The enzyme is unusual because it can assume different quaternary structures. In eukaryotes, archaebacteria and some bacteria, it forms an a 2 homodimer. In some bacteria, GlyRS is an a 2 b 2 heterotetramer and shows a distant similarity to a 2 GlyRSs. The human pathogen eubacterium Campylobacter jejuni GlyRS (CjGlyRS) is an a 2 b 2 heterotetramer and is similar to Escherichia coli GlyRS; both are members of Class IIc AARSs. The twostep aminoacylation reaction of tetrameric GlyRSs requires the involvement of both a-and b-subunits. At present, the structure of the GlyRS a 2 b 2 class and the details of the enzymatic mechanism of this enzyme remain unknown. Here we report the crystal structures of the catalytic a-subunit of CjGlyRS and its complexes with ATP, and ATP and glycine. These structures provide detailed information on substrate binding and show evidence for a proposed mechanism for amino acid activation and the formation of the glycyl-adenylate intermediate for Class II AARSs.
Introduction
The function of aminoacyl-tRNA synthetases (AARSs) is to pair cognate tRNAs with their specific amino acids and therefore translate the nucleic acid code into a protein sequence. This is crucial for the protein biosynthesis process and is accomplished in a two-step reaction. AARS first binds ATP and a specific amino acid to form an aminoacyladenylate intermediate with the release of pyrophosphate. In the second step, the AARS/aminoacyl-adenylate complex binds a cognate tRNA and the amino acid is transferred to the 3 0 ribose of the cognate tRNA to form aminoacyl-tRNA. The amino acid specificity is accomplished by preferential binding of the specific substrate and selective removal of similar amino acids, often using dedicated domains. The tRNAs are similarly L-shaped and AARS specific recognition is achieved by binding unique regions of tRNA by dedicated domains. Subsequently the charged tRNA is transferred to a ribosome where the amino acid is added onto a growing peptide chain, therefore completing the translation of genetic information into a protein [1] [2] [3] [4] .
AARSs are grouped into two distinct classes, Class I and II, based on their primary sequences and structures [5, 6] . Class II, characterized by three sequence motifs, is further divided into three subtypes, IIa, IIb and IIc, according to their differences in quaternary structures [7] . Glycyl-tRNA synthetase (GlyRS), with two oligomeric types (a 2 homodimer and a 2 b 2 heterotetramer) found in different organisms, is regarded as an unusual synthetase and grouped into Class IIc [8] [9] [10] [11] [12] . The a 2 b 2 heterotetrameric GlyRS is seemingly found in eubacteria only, while the a 2 homodimeric form is more widely distributed and found in eukaryotes (including humans), archaebacteria and some eubacteria [13] . The only other a 2 b 2 heterotetrameric AARS in this class is PheRS. These two enzymes show similar domain organization and tRNA recognition.
Campylobacter jejuni is a Gram-negative food-born pathogen and one of the leading causes of human diarrhea and enteritis. In recent years, significant progress has been made in understanding C. jejuni infections and virulence, and the complete sequence of C. jejuni NCTC11168 is now available [14] . The potential drug targets, including key enzymes in the protein biosynthesis of the pathogenic agent, remain to be fully investigated. AARSs are key enzymes in protein synthesis and are essential and therefore excellent targets for drug development. In the C. jejuni species, only LysRS and IleRS have been cloned and partially characterized [15, 16] . Both enzymes belong to Class IIb AARSs and show high sequence identities to their corresponding enzymes in E. coli. Similarly, GlyRS from C. jejuni (CjGlyRS) is expected to be an a 2 b 2 heterotetramer (Class IIc) like its E. coli homologue (EcGlyRS). The CjGlyRS a-and b-subunits are 40 and 50 % identical to that of EcGlyRS, respectively.
Both a-and b-subunits are required for the tRNA aminoacylation activity of EcGlyRS [17, 18] . By comparison with a 2 b 2 heterotetrameric PheRS the catalytic a-subunit is believed to be responsible for binding ATP and glycine while the b-subunit recognizes and binds tRNA. The interaction of the two subunits as well as the detailed mechanism of acylation is unknown. The crystal structures of the a 2 dimeric GlyRSs from humans (HsGlyRS) and Thermus thermophilus (TtGlyRS) have been reported [19] [20] [21] [22] . Mutations in HsGlyRS are associated with disease due to its functional expansion [21, 22] . The crystal structure of the apo-form a-subunit of a 2 b 2 tetrameric GlyRS from Thermotoga maritima (TmGlyRS) has been deposited to the Protein Data Bank (PDB: 1J5W) without publication.
The structural information of the b-subunit of a 2 b 2 GlyRSs remains unknown. Here we report the crystal structures of the a-subunit of CjGlyRS (a-CjGlyRS) in its apo-form and its complexes with ATP, and ATP and glycine. These structures provide detailed information on the a-subunit recognition of glycine and ATP, which is consistent with the currently accepted mechanism of aminoacylation by AARSs [23] .
Experimental procedures
Protein cloning, expression, purification and characterization
The gene encoding the GlyRS a-subunit of C. jejuni subsp. jejuni NCTC 11168 was cloned into the pMCSG7 vector. The overexpression of a-CjGlyRS in E. coli BL21 (DE3) magic cells and its purification using Ni-affinity chromatography were the same as previously described [24] . However, cleavage of the His 6 -tag with recombinant TEV protease was unsuccessful [25] . Each recombinant aCjGlyRS therefore included a vector-derived sequence, MHHHHHHSSGVDLGTENLYFQSNA, at its N-terminus. Size-exclusion chromatography was performed as described earlier to determine the oligomeric state of the protein in solution [25] .
Protein crystallization
The a-CjGlyRS in crystallization buffer (200 mM NaCl, 20 mM HEPES pH 8.0, 2 mM DTT) was concentrated to 96 mg/mL using an Amicon Ultra centrifugal filter unit (Millipore). The protein was screened for crystallization conditions in the presence of 50 mM glycine with the help of a Mosquito liquid dispenser (TTP Labtech) using the sitting drop vapor diffusion technique in 96-well CrystalQuick plates (Greiner). For each condition, 400 nL of protein (96 mg/mL) and 400 nL of crystallization formulation were mixed; the mixture was equilibrated against 135 lL of the reservoir solution. The MCSG-1-4 (Microlytic, Inc.) crystallization screens were used and set up at 16°C. Diffraction quality crystals of a-CjGlyRS-Gly appeared in the presence of 50 mM glycine under the condition of 0.1 M Bis-Tris propane:NaOH pH 7 and 0.7 M magnesium formate. Subsequently, the crystals of the a-CjGlyRS-ATP complex were grown in the presence of 20 mM ATP under the condition of 0.1 M Tris:HCl pH 8.5 and 0.3 M magnesium chloride, and the crystals of the a-CjGlyRS-ATP-Gly complex were grown in the presence of both ATP (20 mM) and glycine (50 mM) under the condition of 0.1 M Na 2 HPO 4 :citrate acid pH 4.2, 0.2 M lithium sulfate and 20 % (w/v) PEG 1000. Prior to data collection, crystals were cryoprotected with glycerol (15-30 %) added to the crystallization buffer and were flash-cooled directly in liquid nitrogen.
X-ray diffraction and structure determination
Single-wavelength diffraction data were collected at 100 K from a-CjGlyRS-Gly, a-CjGlyRS-ATP and a-CjGlyRS-ATP-Gly crystals at the 19ID beamline of the Structural Biology Center at the Advanced Photon Source at Argonne National Laboratory using the program SBCcollect. The reflection intensities were integrated and scaled with the HKL3000 program suite [26] ( Table 1 ). The structure of aCjGlyRS co-crystallized with glycine was first solved using the molecular replacement method with the program MolRep [27] . The structural template used was the A chain from TmGlyRS (PDB: 1J5W, 60 % sequence identity). Glycine added to the crystallization buffer was not observed in electron density maps and therefore we will refer to this structure as apo a-CjGlyRS in the manuscript and discuss ATP-dependent glycine-binding in a-CjGlyRS later. The structures of a-CjGlyRS-ATP and a-CjGlyRS-ATP-Gly were subsequently solved by performing the molecular replacement method with the apo a-CjGlyRS structure as the search model. Model re-building for each structure was performed manually using the program COOT [28] . The final refinement for all three structures was performed using the program Phenix.Refine [29] ( Table 1 ). In each of these structures, there was an electron density near the opening of the active site of one subunit. The site is typically occupied by small molecules present in buffers during protein purification and crystallization procedures. This density was about 7-8 Å away from the ATP and glycine binding sites, may not be functionally relevant and will not be discussed in detail in this manuscript. The three structures have been deposited to the Protein Data Bank with access codes of 3RF1, 3UFG and 3RGL, respectively.
Results

Overall structure of apo a-CjGlyRS
There are two a-CjGlyRSs in one asymmetrical unit, Fig. 1a , forming a pseudo two-fold dimer-like quaternary structure. Subunit interactions are quite extensive with an interface area of about 2,550 Å 2 [30] and involve mostly hydrogen bonds (33 pairs) and salt bridges (12 pairs) . No significant hydrophobic core is present at the interface. Size-exclusion chromatography indicates the a-CjGlyRS exists as a monomer in solution (data not shown). This suggests that the dimer-like quaternary structure in the crystal is likely to form at high protein concentrations and likely has no physiological significance.
Each a-subunit is comprised of an N-terminal catalytic domain, a C-terminal three-helix bundle and a linker between them (Fig. 1b) . Like the catalytic domain of other Class II AARSs, this domain includes a seven-strand bsheet, in which only the short edge b1 strand is parallel to its neighboring b2 strand while all other strands are antiparallel. The convex side of the twisted b-sheet is flanked by two anti-parallel helices, a1 and a5. The a1 helix covers most of the Class II AARS sequence motif-1 [31] , Fig. 2a . On the concave side of the b-sheet, however, the linker between the b1-and b2-strands, including two short helices, a2 (3 10 -helix) and a3, blocks the opening by the edge b1 strand. Therefore it creates a large open pocket, forming the active site of the enzyme for substrate binding and aminoacylation reaction. The other two characteristic sequence motifs (motif-2 and -3) of Class II AARS [11, 12, 32] , are located in this active site, Fig. 2a .
The three-helix bundle (a8, a9 and a10) is unique compared to other known a2 dimer GlyRS structures [19, 20] . In this a-subunit structure, the helix bundle seemingly supports the formation of the dimer-like quaternary structure. In a functional a 2 b 2 tetramer, it is likely to contribute to intersubunit interactions. The linker between the substrate binding domain and the helix bundle includes a bhairpin and a long helix. In the TtGlyRS or HsGlyRS a2 GlyRS structures [19, 20] , there is also a hairpin and an ahelix connecting the catalytic domain and the C-terminal domain. But, they are in very different conformations and the hairpin is more prominent while the helix has only a two-turn 3 10 -helix [19, 20] . The a6 helix after the last strand (b7) in a very similar conformation is also found in the a2 sub-class of dimeric GlyRS structures and at least some residues from the helix, part of motif-3 [32] (Fig. 2a) , are important to ATP binding as discussed below; we define the a6 helix as the last secondary element of the catalytic domain.
ATP and glycine binding
The active site of the catalytic domain is composed of highly conserved residues involved in the binding of two substrates, ATP and glycine (Fig. 2a) . The adenosine ring of ATP assumes an identical position in all structures (Fig. 2b-d) . The conserved Y74 in a 2 b 2 GlyRSs forms p-p stacking with the adenine ring and it corresponds to an invariant phenylalanine in a2 GlyRSs (Fig. 3) . The presence of a tyrosine in a 2 b 2 GlyRSs can add one more hydrogen bond between its phenyl hydroxyl group to the O5 oxygen atom of the ribose (Fig. 2b-d) . The amino group of the adenine and two hydroxyl groups of the ribose add at least four mostly conserved hydrogen bonds to their Structure of a-subunit glycyl-tRNA synthetase 235 neighboring protein atoms. There is also a potential cationp interaction between the adenine ring and the guanidine group of either R163 or R70. The two guanidine groups alternatively cover the adenine ring in the structures, seemingly providing a possible gating mechanism for ATP access and binding and product release. There is no conformational change of the a-CjGlyRS structure upon ATP or ATP and glycine binding. The apo-structure can be superimposed with two holo-structures with root-meansquare deviation (RMSD) values less than 0.28 Å without gaps.
In the a-CjGlyRS-ATP complex structure, the three phosphate groups of ATP are in an extended conformation with a c-phosphate group reaching towards the glycine binding site (Fig. 2b, d ). In the a-CjGlyRS-ATP-Gly structure, one subunit contains both ATP and glycine, the second subunit contains ATP only. The basis for this asymmetric binding is unknown even though the glycine concentration in the crystallization buffer was as high as 50 mM. In this structure the ATP is bended into a U-shape, a typical conformation observed in many Class II AARS structures. The U-shaped ATP is observed in both subunits of a-CjGlyRS in the presence (Fig. 2d) and absence of glycine (Fig. 2c) , but with different conformations. The interactions between the phosphate groups and the highly conserved residues of R58 and E135 as well as residue Q138 (conserved in a 2 b 2 GlyRSs, Fig. 3 ) is quite extensive (Fig. 2b-d) . There is no electron density present near the [20] ).
The glycine substrate in the active site is hydrogen bonded to one oxygen atom of the a-phosphate group of ATP through its carboxyl group (Fig. 2d) . The hydrogen bond distance is quite short (2.64 Å ), indicating its potential involvement in the adenylate formation, the first reaction catalyzed by AARSs. The interaction of the glycine with its surrounding protein atoms is extensive and Fig. 1 Ribbon diagrams of a-CjGlyRS structures. a a-CjGlyRS forms a pseudo twofold dimer-like structure in one asymmetric unit. To show the interface between two a-subunits and one of their main chain tracings, one subunit is colored in a rainbow spectrum from the N terminus (blue) to the C terminus (red) and the other in cyan. b Each a-CjGlyRS includes an N-terminal catalytic domain (from the a1 helix to a6 helix), a C-terminal three-helix bundle (a8-10 helices) and a linker between them (b8-b9 hairpin and a7 helix). One edge strand, b1, is short. The other edge strand, b4, is split into two segments (b4a and b4b) due to an interruption by a side chain to main chain hydrogen bond (OD1 of N114 on b4 to N of G126 on b5) in place of a regular main chain to main chain (O of D113 to N of G126) interaction. The middle strand is also interrupted, but by a bulge, dividing into a short strand (b7 0 ) antiparallel to the end of the b6 strand and a regular long strand (b7) Fig. 2 Conserved structures of active site and substrate binding. a A ribbon diagram of the catalytic domain with conserved residues in the active site drawn in stick format. The three Class II AARS sequence motifs [11, 12, 31, 32] are colored differently, motif-1 in light green, motif-2 in cyan and motif-3 in pink. b ATP in the active site of a-CjGlyRS-ATP. All hydrogen bonds are drawn in magenta dashed lines with some bond distances labeled. In the a-CjGlyRS-ATP-Gly structure, glycine is not observed in one of the subunits (c). In the second subunit (d), both ATP and glycine bind. The ATP, glycine and active site residues are all drawn in stick format with different color schemes explains enzyme specificity. Its amino and carboxylate groups form a pair of hydrogen bonds to residue Q76; and its amino group is also hydrogen bonded to residue Q78. Both Q76 and Q78 are highly conserved residues in a 2 b 2 GlyRSs (Fig. 3) . Additionally, glycine is the smallest amino acid and has two a-hydrogens at the Ca carbon atom; the a-hydrogen is usually more acidic. The two a-hydrogens of glycine can potentially interact with two neighboring threonine residues, T33 and T158, which are also conserved in a 2 b 2 GlyRSs. This interaction would not be possible with alanine, serine, cysteine or any other larger amino acid.
Conclusions
Both subunits a and b are necessary in the aminoacylation of tRNA by a 2 b 2 GlyRSs [17, 18] . Only two AARSs, GlyRS and PheRS, have such a tetrameric organization. We have determined the structures of the CjGlyRS a-subunit and its complexes with ATP, and ATP and glycine. Each a-subunit is comprised of a catalytic domain that contains a typical Class II AARS active site, and a three-helix bundle domain that may contribute to the formation of an a 2 b 2 heterotetramer. In the crystal, the aCjGlyRS forms a homodimer with some contribution to the dimer interface from the three-helix bundle. However, aCjGlyRS is a monomer in solution suggesting that a stable a 2 b 2 CjGlyRS tetramer requires more extensive a-and b-subunit interactions perhaps similar to those observed in a 2 b 2 PheRS structures [33, 34] . The requirement seems to be in agreement with the data that both a-and b-subunits are required for full enzymatic activities.
Glycine is the smallest amino acid and has no side chains. It seems that CjGlyRS shows a priority for ATP binding and ATP can assume two conformations: extended and U-shaped. The U-shaped conformation seems to represent a state that creates a space to bind glycine more efficiently. More importantly, the a-and c-phosphate groups interact with glycine directly, with the a-phosphate group in position to form adenylate. However, in our structure the glycyl-adenylate is not present suggesting that other cofactors are also involved. The conformation of ATP and glycine in the active site before aminoacylation is in good agreement with the mechanism [20] proposed for TtGlyRS (an a2 GlyRS) and originated from the studies of other Class II AARSs. The only missing element of the mechanism to be employed by a-CjGlyRS is that the Mg 2? ion neighboring the phosphate groups of ATP is absent in these structures despite the fact that magnesium is present in the crystallization buffer. At present, it is unknown what the exact role the b-subunit plays in the enzyme's activities (by analogy to PheRS, it may recognize and bind tRNA). However, for the a-subunit fully loaded with ATP and Fig. 3 A structure-based sequence alignment of the catalytic domain of structurally known a 2 and a 2 b 2 GlyRSs. The catalytic domains of TmGlyRS (PDB: 1J5 W), TtGlyRS (PDB: 1ATI) and HsGlyRS (PDB: 2PME) were individually superimposed onto a-CjGlyRS with the program Secondary Structure Matching (SSM). The sequence of the most studied EcGlyRS is also included, which is sequentially aligned to a-CjGlyRS. Only the structurally aligned portions are displayed while the gaps are indicated with the number of residues in between brackets. The assignment of the secondary structures is based on the a-CjGlyRS structure with helices (coils) and strands (arrows) indicated above the appropriate sequences glycine, the b-subunit may be needed to attract a Mg 2? ion and/or provide essential residues to initiate the formation of the glycyl-adenylate as well as to contribute to the recognition of specific tRNA.
